.
Little is known about the mechanisms underlying this expansion.
Here we show that a major source of glia in the postnatal cortex in mice is the local proliferation of differentiated astrocytes. Unlike glial progenitors in the subventricular zone, differentiated astrocytes undergo symmetric division, and their progeny integrate functionally into the existing glial network as mature astrocytes that form endfeet with blood vessels, couple electrically to neighbouring astrocytes, and take up glutamate after neuronal activity.
Most radial glia have finished producing their share of astrocytes and have begun to disappear shortly after birth [4] [5] [6] ; astrocytes are therefore thought to derive mainly from progenitors in the subventricular zone (SVZ) at later stages 8 . The massive expansion of glia within the first three postnatal weeks presents a daunting task for their presumed SVZ progenitors. This task is rendered even more challenging by the thickening of the cortex compounded by the disappearance of radial glia, which provides the migratory tracks for newly formed astrocytes 9 . We used electroporation to transfect green fluorescent protein (GFP) plasmids into SVZ/radial glial cells of mice at postnatal days (P)0-2 to label them with GFP in vivo and to trace their progeny at P16-20 ( Fig. 1a and Supplementary Fig. 1 ). Only a very small percentage (about 3%) of the astrocytes derived postnatally from SVZ/radial glial cells reached cortical layers I-IV; most were left behind in SVZ/ white matter (75%) and layers V-VI (22%) (Fig. 1b, c) . It therefore seems that huge numbers of cortical astrocytes generated postnatally might arise from a more efficient process, such as local cell proliferation (Ki67 1 ; Fig. 1d ), rather than from SVZ progenitors. Whereas glial cell division within the cortex was reported half a century ago, on the basis of studies involving [ 3 H]thymidine incorporation into DNA 10 , the extent of the contribution of local glial division to postnatal astrocyte production remained unknown, owing to the difficulty in distinguishing glia generated locally from glia derived from other sources. In this study, we have obtained evidence to support the hypothesis that the local generation of astrocytes within the postnatal cortex is a major source of glia.
To label locally generated glia, we used a replication-defective murine leukaemia retrovirus (MLV) to express GFP in infected dividing cells and their progeny in postnatal cortex in vivo. This retrovirus specifically infects proliferating cells and has been used for cell-fate tracing in SVZ and the hippocampal subgranular zone (SGZ) in vivo 8, 11 . We injected viruses locally into layers I-IV of the barrel or motor cortex of wildtype mice at P0-6 (Fig. 1e, f) and examined GFP expression 1 week later in samples that were also stained with antibodies against brain lipid-binding protein (BLBP) (Fig. 1g) , which labels radial glia during embryonic development and astrocytes in the postnatal brain 12 .
Whereas about 30% of infected cells were NG2 glia (27.6%, n 5 662 infected cells, Supplementary Fig. 2 ), 55-70% of infected cells were astrocytes (BLBP 1 , 56.9%, n 5 369 GFP 1 cells, Fig. 1g ; GFAP 1 , 68.6%, n 5 662 GFP 1 cells, Supplementary Fig. 2 ), indicating that these astrocytes originated locally in vivo.
To determine whether a major astrocyte source was derived from the local generation of glia, we injected retroviruses with higher titre (1 ml, (1-3) 3 10 7 ) into the cortex of P0-2 mice and compared the number of GFP-expressing astrocytes (BLBP , 46.8 6 3.8%, n 5 5 mice; Fig. 1f-h ). Because the half-life of infectivity of MLV retrovirus is 5-8 h at 37 uC, the doubly labelled astrocytes probably correspond to astrocytes undergoing division in the time window of 5-8 h plus the progeny they generate over the course of 7-10 days. Control studies revealed no differences in the morphology of astrocytes (Fig. 1g) , the density of dividing cells (Supplementary Fig. 3 ) or the percentage of GFAPoccupied area ( Supplementary Fig. 4 ) in brain regions with or without retroviral infection. Our observations therefore suggest that local proliferation is a major source of astrocytes in the postnatal cortex.
To test the possibility that multiple dividing cell types infected by retroviruses, including astrocytes, NG2 glia and perhaps some unknown progenitors in the cortex, gave rise to these GFP-expressing astrocytes, we labelled acute brain slices with the nuclear marker 
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Hoechst 33342, a dye that can permeate live cell membranes, to distinguish dividing cells from non-dividing cells (Fig. 2a) . In some experiments we also used slices from CAG-Fucci-Green transgenic mice to identify dividing cells in the SVZ and cortex ( Supplementary  Fig. 5 ). In this line, the green fluorescent protein mAG accumulates specifically during the S (synthesis) to M (mitosis) stages of the cell cycle 13 , thus facilitating the identification of dividing cells for wholecell patch-clamp recordings (Fig. 2b) . Excluding cells of the vascular system, 94.6% (87 of 92 cells, P6-13) of the dividing cells in the cortex fell into two groups: dividing NG2 glia 14 , with characteristic small sodium currents and rectifying current-voltage (I-V) curve (Fig. 2d , h, j) and astrocyte-like dividing cells (Astro-like-D; Fig. 2c, g, j) , so named for their similarity to differentiated astrocytes (Fig. 2f, j) . Astrocytes characteristically displayed large, delayed rectifier potassium currents (K dr ) and large, inwardly rectifying potassium currents (K ir ) but no sodium currents, and they had a linear I-V curve 15 ( Fig. 2f, j ). In contrast, dividing cells recorded in the SVZ ( Supplementary Fig. 5 ) had no K ir current and a very small K dr (Fig. 2e , i, j), typical of immature progenitors 16 . To further characterize the Astro-like-D cells, our immunostaining revealed that they were GFAP 1 but Nestin 2 ( Fig. 2k and Supplementary Fig. 6 ). We then compared the morphology of Astro-like-D cells with that of mature astrocytes or SVZ dividing progenitors in hGFAP-CreER;Ai14 transgenic mice. Crossing Ai14 transgenic mice 17 with hGFAP-CreER transgenic mice 18 allowed robust expression of the red fluorescent protein tdTomato after inducible astrocyte-specific Cre-mediated recombination. We administered tamoxifen to hGFAP-CreER;Ai14 transgenic mice at P0-2 and assessed the cellular morphology 1 week later ( Supplementary  Fig. 7 ). Astro-like-D cells (Ki67 Fig. 8 ). Because coupling by means of gap junctions is a hallmark feature of astrocytes, we injected biocytin into individual non-dividing astrocytes in brain slices of hGFAP-GFP transgenic mice, which express GFP under the control of human astrocyte-specific GFAP promoter 19 , and found that Astro-like-D cells (Ki67 (1 h 52 min) of a dividing GFP 1 cell in e and f. h, Procedure to image cell division in vivo. i-k, Images from a P4 triply transgenic hGFAP-CreER;Ai14;CAGFucci-Green mouse (i, combined images; j, tdTomato; k, mAG signal; arrowheads, dividing astrocytes). l, m, Time-lapse images at 1 h 35 min (l) and 18 h 58 min (m) from a P5 hGFAP-CreER;Ai14 transgenic mouse (arrowheads, dividing astrocytes). Scale bars, 40 mm (a-g) and 100 mm (k, m).
RESEARCH LETTER
transgenic mice showing that NG2 glia generated very few astrocytes in the cortex during postnatal life (data not shown), our results reveal that Astro-like-D cells are the parent cells of locally generated astrocytes.
To assess the abundance of proliferating astrocytes within the cortex, we perfused hGFAP-GFP transgenic mice for Ki67 immunostaining and observed numerous astrocytes in the process of cell division before P10 (18.9% at P3, n 5 956 GFP 1 cells; 13.1% at P6, n 5 619 GFP 1 cells; 1.5% at P14, n 5 269 GFP 1 cells; 0.30% at P48-52, n 5 1,684 GFP 1 cells; Fig. 3a-d and Supplementary Fig. 9 ). To directly monitor local generation of astrocytes, we performed time-lapse imaging of acute cortical slices from hGFAP-GFP transgenic mice and found that roughly 2% of astrocytes divided within 3 h (2.0 6 0.2%, 16 of 809 cells with strong GFP signals from five mice, P3-5; Fig. 3e-g and Supplementary Movie 1) . Because NG2 glia maintain proliferative ability throughout life 14 , and some hippocampal NG2 glia are reported to have a very weak GFP signal in another hGFAP-GFP transgenic line 22 , we tested whether NG2 glia could have been among the dividing cells with a strong GFP signal, by loading biocytin into cells with a strong GFP signal through a recording pipette. We found that biocytin diffused only among cells with strong GFP signals (n 5 5 slices; Supplementary Fig. 10 ), which is consistent with our observations from doubly transgenic hGFAP-GFP;NG2BacDsRed mice ( Supplementary Fig. 11 ). Thus, the dividing cells with strong GFP expression are astrocytes rather than NG2 glia.
The density of dividing cells in acute brain slices showed no obvious change within a 6-h period after slice preparation ( Supplementary Fig.  12) ; however, mature astrocytes could conceivably be induced to undergo local gliogenesis by means of a stab wound in vivo 23 . We therefore performed in vivo imaging with an open skull but an intact pial surface within 1 h after surgery on the triply transgenic hGFAPCreER;Ai14;CAG-Fucci-Green mice (Fig. 3h) . We observed abundant dividing astrocytes (12.4%, tdTomato Fig. 3i-k, P3-6 ), a similar observation to that in brain sections (Fig. 3a, b, d ). Because the thinned skull preparation does not cause astrocytic gliosis or activation of microglia 24 , we then performed long-term time-lapse imaging with the thinned skull preparation in hGFAP-CreER;Ai14 transgenic mice and obtained similar results: abundant astrocytes were generated locally within the cortex (about 8% of progeny, (8 3 2)/212 cells in Fig. 3l, m) . Because of the difficulty of identifying a dividing cell under thinned skull if its two daughter cells did not separate completely, we probably underestimated the percentage of astrocytes produced on the basis of in vivo time-lapse imaging.
To determine whether dividing astrocytes in the cortex undergo symmetric division to produce astrocytes, or asymmetric division to generate multiple cell types as SVZ cells do 8, 25 , we recorded from their progeny during and shortly after cytokinesis (Fig. 4a, b) . The two daughter cells shared similar I-V relationships that were characteristic of astrocytes (Fig. 4c) . In addition, we examined the daughter-cell morphology in P6-8 hGFAP-CreER;Ai14 transgenic mice and found the two daughter cells occupying comparable areas and showing similar labelling with the astrocyte marker, BLBP (Fig. 4d and Supplementary Table 1) . Thus, locally dividing astrocytes in the cortex primarily undergo symmetrical division to generate two daughter astrocytes.
To determine whether the progeny maintained their astrocytic fate after exiting from the cell cycle, we administered tamoxifen at P0-2 to hGFAP-CreER;Ai14 transgenic mice to label astrocytes permanently with tdTomato and examined their locally generated progeny 1 week later (n 5 4 mice) to test whether these tdTomato 1 cells still expressed the astrocyte marker BLBP. Although there were many progenitors or neurons with tdTomato expression in SVZ and hippocampal dentate gyrus ( Supplementary Fig. 7f, g ), nearly all of the tdTomato 1 cells were BLBP 1 or GFAP 1 in the cortex (99.8%, motor and barrel cortex; Supplementary Fig. 7a-e) . Because we found that few astrocytes would enter programmed cell death in the cortex (Supplementary Fig. 13) , it is most likely that the progeny arising from local astrocyte division retained astrocytic identity long after exiting from the cell cycle. For further confirmation, tamoxifen was administered at P0-2 and retroviruses were injected locally at P3-5 (3 days after tamoxifen) in the cortex of hGFAP-CreER;Ai14 transgenic mice. The fate of doubly labelled cells (tdTomato 1 GFP 1 ) was then assessed 2 weeks later. Because tdTomato marked cells that had expressed astrocyte markers before retroviral infection ( Supplementary Fig. 7) , the tdTomato 1 GFP 1 cells correspond to the progeny of astrocytes that were infected by retroviruses during cell division. We found that all doubly labelled cells formed endfoot-like structures with blood vessels (38 of 38 yellow cells; Fig. 4e, f) , a characteristic of differentiated astrocytes. These results demonstrate that locally generated progeny retain astrocytic identity long after they exit from the cell cycle.
We then asked whether daughter astrocytes arising from local astrocyte division integrate functionally into the existing glial network as mature astrocytes. The intercellular communication by means of gap junctions between astrocytes has a critical function in ion buffering 
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in the brain 26 . At 1-3 weeks after viral infection, we loaded biocytin into infected astrocytes and found that biocytin diffused into neighbouring GFP 2 astrocytes as well as some GFP 1 astrocytes within 20 min (26.7 6 2.9 cells, n 5 10 slices; Fig. 4g-i and Supplementary  Fig. 14) . The coupling was inhibited by carbonoxelene (CBX), a blocker for gap junctions (1.9 6 0.6 cells, n 5 7 slices; Fig. 4g, h and Supplementary Fig. 14) , indicating that locally generated astrocytes successfully integrated into existing glial networks. Another classical function of astrocytes is to clear glutamate from the synaptic cleft 27 . After stimulation of neuronal fibres, an inward current with slow decay time course appeared in all the GFP 1 astrocytes recorded (20 of 20 GFP 1 cells, P12-19; Fig. 4j ) and was sensitive to the glutamate transporter blocker TBOA (Fig. 4j, k) . The remaining currents, lasting for more than 10 s (decay time 13.3 6 0.4 s, n 5 4; Fig. 4j ), correspond to K ir activation after neuronal excitation 28 . These observations thus reveal that locally generated astrocytes function as mature astrocytes to take up glutamate and K 1 ions after neuronal activity. We have demonstrated that local generation of astrocytes within the postnatal cortex provides a major glial source, at least in layers I-IV, whereas astrocytes generated early in development are derived from radial glia [4] [5] [6] , SVZ progenitors (including SVZ glioblasts and migratory glioblasts) [4] [5] [6] 20 . Once a subset of early astrocytes from those sources colonize and differentiate in the cortex as 'pioneers', local division of these differentiated astrocytes has a pivotal role in glial production after birth in the cortex.
Astrocytic endfeet almost fully cover the blood vessels by postnatal day 20 and are crucial to the regulation of cerebral blood flow 29 and the transport of nutrients from blood to neurons 30 . It is not yet clear how this large number of locally generated astrocytes can coordinate with angiogenesis to form the complete gliovascular interface. Furthermore, aberrant gene activity affecting glial proliferation is one potential cause of gliomas, which comprise nearly 80% of primary malignant brain tumours 3 . It will also be of interest to test whether gliomas could have arisen from defective regulation of locally dividing glial cells in the brain.
METHODS SUMMARY
For live nuclear labelling, slices were incubated with Hoechst 33342 (2 mg ml
21
) as described previously 14 . For in vivo imaging, the pups with thinned skull (Fig. 3h, l , m) were immobilized with 4% agarose. The mouth of the pup was attached to a 1-ml pipette tip that was connected to a tube for inhalation. All data are given as means 6 s.e.m.
METHODS
Animals and tamoxifen administration. The CAG-Fucci-Green transgenic line was from A.M.'s laboratory, the hGFAP-CreER line was from K. D. McCarthy's laboratory (UNC), and the NG2BacDsRed transgenic line was from A. Nishiyama's laboratory. Both NG2-CreBac 31 and NG2-CreER were generated in Nishiyama's laboratory and bought from Jackson Laboratory. The Ai14 transgenic mice was from H. Zeng's laboratory. Tamoxifen inductions were as described 18 . For induction in hGFAP-CreER;Ai14 transgenic mice, an intraperitoneal or subcutaneous injection of tamoxifen (dissolved in a 1:10 mixture of ethanol and sunflower oil) at 3 mg per 40 g of body weight was administered once at the time indicated. All animals were treated in accordance with protocols approved by the Institutional Animal Care and Use Committee at UCSF. In vivo electroporation. Newborn to 2-day-old pups (P0-2) were anaesthetized by hypothermia (about 4 min) and fixed to a support with a sticking plaster. GFP complementary DNAs were cloned into the chicken b-actin CMV promoterdriven expression vector pCAGGS. DNA solution (1-2 ml) prepared at 2 mg ml 21 in 10 mM Tris-HCl pH 8.0, with 0.04% trypan blue, was injected into the lateral ventricle with a pulled-out glass capillary (diameter 50-100 mm) 32 . Animals were subjected to five electric stimuli of 50 V, each lasting 50 ms, at 950-ms intervals using a square-pulse electroporator BTX830. Retroviral preparation and in vivo infection. pCAG-GFP-PRE contains replication-defective murine leukaemia virus (MLV)-based retroviral elements designed to carry and express enhanced GFP under CMV promoter and CAG promoter (modified chicken b-actin promoter with enhanced sequences from CMV) with control of the MLV long terminal repeat. We followed the detailed protocol for preparation from Gage's laboratory 33 . In brief, three plasmids (pCAG-GFP-PRE, pCMV-gp and CMV-vsvg) were transfected to HEK 293T cells with Lipofectamine 2000. Viruses containing supernatants were harvested 2 days after transfection by centrifugation twice at 65,000g for 2 h (Discovery 90SE; Sorvall). Final virus titres were about 10 6 -10 7 colony-forming units ml 21 as measured by infecting HEK 293T cells. Viruses with the GFP reporter gene were injected (1 ml) into either C57BL/6 wild-type or hGFAPCreER;Ai14 transgenic mice at P0-9. For in vivo infection, pups were anaesthetized with ice for 3-5 min, and the injection was performed as described 34 . After injection, the pups were put back in a cage with a lamp to keep them warm. They were returned to their home cage when fully recovered. Immunocytochemistry. Mice were perfused with 4% paraformaldehyde in 1 3 PBS. Brains were cut into sections 25-50 mm thick with a cryostat (model CM3050S; Leica). Floating sections were permeabilized with 0.25% Triton X-100 in 1 3 PBS and then blocked for 2 h with 5% BSA and 3% normal goat serum with 0.25% Triton X-100 in 1 3 PBS. Primary antibodies for Ki67 (1:200 dilution, rabbit, monoclonal; Thermo Scientific), BLBP (1:1,000, rabbit, polyclonal; Invitrogen) or Laminin (1:500, rabbit, polyclonal; Sigma) were applied to sections alone or in combination and left to incubate for 24-48 h at 4 uC. Together with DAPI or Hoechst 33342 (1 mg ml
21
; Invitrogen), secondary antibodies conjugated with Alexa488, 555, 568 or 633 (1:750) were applied for 2 h at room temperature (22-25 uC) . To identify apoptotic astrocytes, sections were incubated for 15 min with 1 mg ml 21 propidium iodide after the treatment with 0.2 mg ml 21 RNase (DNase-free) in 1 3 PBS for 30 min at 37 uC as described previously 35, 36 . Slice preparation. Slices were prepared as described previously 15 . In brief, after decapitation, mouse brains were dissected rapidly and sliced with a vibratome (VT-1000S; Leica) in ice-cold oxygenated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid solution (aCSF) containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 and 11 glucose. Transverse slices (250 mm in thickness) were then maintained in an incubation chamber for at least 1 h at room temperature before whole-cell recording, nuclear dye loading or timelapse imaging. Electrophysiology and live cell nuclear labelling. Whole-cell recordings from mouse brain slices were conducted with the aid of markers (GFP or Hoechst 33342) to identify infected cells or dividing cells. Astrocytes in hGFAP-GFP transgenic mice were identified by bright green fluorescence under the microscope. For live nuclear labelling, slices were incubated with Hoechst 33342 (diluted to 2 mg ml 21 in aCSF) at room temperature for 30 min as described previously 14 . Recording pipettes were routinely filled with a solution containing (in mM): 125 potassium gluconate, 15 KCl, 10 HEPES, 3 MgATP, 0.3 Na-GTP, 5 Na-phosphocreatine and 0.2 EGTA (pH 7.2-7.4, 290-300 mosM). For glutamate transporter currents, pipette solution contained (in mM): 125 caesium gluconate, 5 CsCl, 10 HEPES, 3 MgATP, 0.3 Na-GTP, 0.2 EGTA and 5 Na-phosphocreatine (pH 7.2-7.4, 290-300 mosM). Membrane potential in voltage-clamp mode was held at 280 mV. Current pulses (20-60 mA, 0.1 ms, 0.05 Hz) were delivered through extracellular bipolar electrodes placed roughly 200-300 mm from the cells being recorded to induce transporter current. Biocytin labelling. Glial cells were filled with 0.1% biocytin (e N -biotinyl-L-lysine; Vector Lab) by means of a whole-cell recording electrode, as reported previously 15, 28 . Biocytin was dissolved in the recording pipette solution. Slices were fixed overnight with 4% paraformaldehyde at 4 uC before treatment for 2 h with blocking solution containing 5% BSA, 3% normal goat serum and 0.25% Triton X-100. Slices were then stained for 2 h with DyLight 549-conjugated streptavidin (1:1,000; Vector Lab). In Fig. 2o , DyLight 549 was added together with Alexa 633 (second antibodies against anti-Ki67) after washing out excess primary antibody against Ki67. Confocal time-lapse imaging of acute brain slices. GFP 1 cells at cortical slices from hGFAP-GFP transgenic mice (P3-5) were imaged on a Zeiss LSM510 twophoton confocal microscope equipped with objective 203/0.5W and 633/0.9W (Zeiss). Cells were scanned with xyz mode (four optical slices in z, with 8-mm interval between slices). The frame interval was 4 min for 30-100 frames. Projection images were made from z-stacks that included all individual GFP 1 cells. During imaging, slices were kept in a chamber with perfusion of aCSF (see above) at 32-34 uC. Confocal time-lapse imaging in vivo. The pups (P3-6, hGFAP-CreER;Ai14 transgenic pups; Fig. 3l , m) were anaesthetized by hypothermia: 4-5 min in ice wrapped in a piece of cloth. A small fraction of skin (3 mm 3 3 mm) was removed over an area to be imaged. The pups then were returned to a box for 3-4 h until the incision site healed (no bleeding). A high-speed micro-drill was used to thin a circular area of skull, typically about 1 mm in diameter. The mouth of the pup was attached to a 1-ml pipette tip that was connected to a tube for inhalation. Pups were then immobilized with 4% agarose. Imaging was performed using a twophoton laser-scanning microscope based on a mode-locked laser system operating at 930 nm, equipped with one of the following objectives: 103, 0.25 numerical aperture (NA); 203, 0.8 NA collected emission more than 560 nm for tdTomato and 500-550 nm for mAG. Sometimes tdTomato was excited with a laser at 543 nm. Images were taken every 1.5 h for the first 3 h, and then the pups were put back in a box and allowed to move freely. Additional images were taken every 9-12 h for the following 18-24 h. During imaging, pups were fully anaesthetized with 2-4% isoflurane for 4-5 min. Cells under the pia were scanned with xyz mode (16 slices in z with 10-mm interval between optical slices.). Shortly after an imaging session, isoflurane was turned off and oxygen was left on until the animal fully recovered. For Fucci-Green;hGFAP-CreER;Ai14 pups ( Fig. 3i-k) we removed a small fraction of the skull (1 mm 2 ) and images were taken within 1 h after surgery.
